). IPL1 or SLI15 proteins (Biggins et al., 1999; Chan and To confirm our assignment of CEN5 and SPB GFP Botstein, 1993; Kim et al., 1999). Unlike mutants with signals, we labeled CEN5 and SPBs using yellow-(YFP) completely defective kinetochores, ipl1 and sli15 mutant and cyan-(CFP) GFP variants, respectively, whose emiscells clearly segregate chromosomes but do so in an sions can be distinguished using appropriate filters. Unasymmetric manner. In contrast, DNA replication, SPB separated CEN5s located at one pole occurred much duplication, spindle formation, and cytokinesis all apmore frequently in ipl1-321 cells than in IPL1ϩ cells pear unaffected in the mutants.
( Figure 1E ). Our data suggest that the Ipl1 kinase is IPL1 is the only Aurora kinase in S. cerevisiae, whereas necessary for ensuring that sister kinetochores always of two GFP dots) were almost identical in mutant and In this paper, we investigate the role of Ipl1-Sli15 in biwild-type cells ( Figure 2B ). These data are consistent orientating chromosomes in yeast. Our findings suggest with the prior observation that sister centromeres sepathat sister kinetochores are frequently connected to the rate with similar kinetics in mad2⌬ and mad2⌬ ipl1-321 same pole in ipl1 and sli15 mutants. Whereas univalent double mutant cells when incubated in the presence of kinetochores (produced by preventing centromere dunocodazole (Biggins et al., 1999) . They also agree with plication) are connected to old and new spindle pole the finding that Scc1p disappears from chromosomes bodies (SPBs) by microtubules at random in wild-type on schedule in ipl1 mutants (Biggins et al., 1999) . cells, they are connected predominantly to old SPBs in In ipl1 mutant cells that had just completed anaphase, ipl1 and sli15 mutants. Our findings are consistent with mono-orientation was found more frequently in buds the notion that the activity of the Ipl1 protein kinase than in mother cells ( Figure 2C ). This raised the possibilfacilitates reorientation of kinetochore-SPB connections ity that the mono-orientation of chromosomes in ipl1 as long as tension is not generated within centromeric mutants could be caused by a failure of microtubules chromatin.
emanating from the SPB destined for mother cells to connect to kinetochores. To address this, we analyzed Results the segregation of two different chromosomes in the same cell. Chromosomes V and XV were marked by GFP Ipl1 and Sli15 Are Required for Bi-orientation dots with different intensities (Figures 2D-2F ). In 99% We used time lapse microscopy to monitor the motion or more of binuclear IPL1ϩ cells, both mothers and buds of CEN5 and SPBs, both marked by GFP (Tanaka et al., contained one strong and one weak GFP dot ( Figure  2000) , in wild-type and ipl1-321 mutant cells (Biggins 2F, right) ; that is, they both inherited a single copy of et al., 1999) after shifting them from 25ЊC (permissive chromosome V and XV. In 25% of binuclear ipl1-321 temperature) to 35ЊC (restrictive temperature). In 40% cells, both copies of both chromosomes had segregated of ipl1-321 cells, sister CEN5s behave as they do in wildto the bud ( Figure 2D ). However, in a substantial fraction type cells; that is, they split soon after separation of of cells (16%), both copies of chromosome V had segreSPBs and formation of bipolar spindles ( Figure 1A) . gated to one pole and both copies of chromosome XV However, in 60% of the mutant cells, sister CEN5s never had segregated to the opposite one ( Figures 2D and 2F , separated and remained in the vicinity of one of the two left). This demonstrates that chromosomes can monoSPBs ( Figure 1B ). Though they made short movements orient at both mother and bud spindle poles in the same in its vicinity, these mono-oriented sister centromere ipl1 mutant cell. Chromosome missegregation in ipl1 pairs never changed their SPB partner and eventually mutants cannot, therefore, be caused merely by a defect associated with a single SPB. moved poleward with it upon the initiation of anaphase ). This experiment suggests that Ipl1 is required for bi-orientation undergo anaphase in nocodazole-free medium. In most wild-type binuclear cells produced in this manner, both even when a preference for a particular SPB has been eliminated. We also failed to detect defects in SPB mormothers and their buds inherited a single copy of chromosome V and XV (data not shown). Remarkably, tranphology by electron microscopy in either mothers or buds in ipl1-321 cells (C.J. and E.S., unpublished data). sient incubation in nocodazole eliminated the preference of chromosomes to mono-orient to the bud SPB in ipl1-321 cells; that is, both chromosomes missegreBoth Sister Kinetochores Are Able to Attach to Microtubules in ipl1 Mutant Cells gated to mothers as frequently as they did to their buds ( Figure 2E ). Moreover, in those cells in which both chroAnother explanation for mono-orientation of sister chromatids in ipl1 mutants is that only a single kinetochore mosomes had missegregated, they were as likely to have missegregated to different poles as to the same from each pair of sister chromatids is functional. If so, around in a random and uncoordinated fashion within the nucleus and never stayed for any length of time in the vicinity of either SPB ( Figure 3B ). This implies that mono-orientation in ipl1 mutants is not caused by a failure to establish new kinetochores following DNA replication.
Chromosome Bi-orientation Can Be Maintained in ipl1 and sli15 Mutants To test whether Ipl1 is dispensable for chromosome segregation once bi-orientation has been achieved, we arrested IPL1ϩSLI15ϩ, ipl1-321, ipl1-2, and sli15-3 cells in metaphase at 23ЊC by shutting off expression of Cdc20 (which was under control of the GAL1-10 promoter). This permitted chromosome bi-orientation, because sister CEN5 sequences were found separated in 70% of cells in all four strains. We then shifted the cells to 37ЊC and one hour later allowed them to undergo anaphase by inducing Cdc20 synthesis while still at 37ЊC. Shifting cells to the restrictive temperature neither altered the separation of sister CEN5 sequences during the metaphase arrest nor greatly affected the fidelity of chromosome segregation during the subsequent anaphase (data not shown). In all four strains, sister sequences segregated to opposite poles in more than 94% of cells (Supplemental Data, Section S1 at http://www. cell.com/cgi/content/full/108/3/317/DC1). This raises the possibility that Ipl1-Sli15 might be required to establish, but not to maintain, bi-orientation.
Most Unreplicated Chromosomes Segregate with "Old" SPBs in ipl1 and sli15 Mutants Our results are consistent with at least two different models. According to the first, Ipl1 is involved in a process that resolves sister kinetochores from each other and thereby enables their attachment to microtubules with opposing polarity. According to the second, it is part of a correction mechanism that facilitates bi-orien- Two properties of yeast kinetochores and SPBs provided an opportunity to investigate the stability or turnover of their interactions in cells unable to replicate their abolition of sister chromatid cohesion should permit the chromatid with an active kinetochore to be drawn to a chromosomes. The first is the finding that centromeres are connected to SPBs even during G1 phase (Supplespindle pole, but should leave the chromatid lacking an active kinetochore within the middle of the nucleus.
mental Data, Section S2). The second stems from the conservative nature of SPB duplication. "Old" SPBs When we removed Scc1 from ipl1-321 cells (using a strain whose sole SCC1 gene is under control of the from the previous cell cycle remain intact during SPB duplication in S phase. A satellite SPB forms adjacent galactose-inducible GAL1-10 promoter), both sister centromeres moved to the vicinity of SPBs after shift to to them, whose maturation into a fully new SPB induces formation of a bipolar spindle and hence the separation the restrictive temperature, sometimes to the same pole but often to the opposite poles ( Figure 3A) . Importantly, of old and new SPBs to opposite sides of the nucleus (Segal and Bloom, 2001 ). We have recently discovered once they had moved to a pole, they rarely if ever disengaged from that pole (that is, they remained within that buds inherit the old SPB in 98% of cells (Pereira et al., 2001 ). The asymmetric distribution of old and new 0.6 m of the SPB). In contrast, when Scc1 was depleted from ndc10-1 cells that lack functional kinetochores SPBs is unaffected by mutation of either IPL1 or SLI15 (see Figure 5D ), by depletion of the replication initiation (Goh and Kilmartin, 1993), sister centromeres drifted As we have already argued, the lack of chromosomes associated with new SPBs within mother cells in ipl1 mutants is unlikely to be due to defects in their new SPBs (see Figures 2D and 2E ). The segregation of most unreplicated chromosomes exclusively with old SPBs in ipl1 and sli15 mutants but not in IPL1ϩ SLI15ϩ cells is therefore consistent with the notion that the ability of unreplicated chromosomes to change the SPB to which To confirm the lack of reorientation of unreplicated kinetochores in ipl1 and sli15 mutants, we analyzed the segregation of a chromosome whose replication origin had previously been removed (in cells whose other chromohave been disconnected from SPBs by nocodazole do not exhibit a strong bias to be connected to old SPBs somes were allowed to replicate normally). To do this, we constructed a minichromosome whose sole replicaupon nocodazole removal, whether or not they had been allowed to replicate. The similar effect on kinetochore tion origin or autonomously replicating sequence ( 5D) . Meanwhile, green fluorescent unreplicated miniand 6B, c). These data are consistent with the notion chromosomes segregated with old (red fluorescent) and that late replication does indeed increase the probability new SPBs with almost equal frequency (Figures 5D-5F ).
that nascent kinetochores will attach to new SPBs (SupInactivation of Ipl1 had little or no effect on the preferenplemental Data, Section S4). tial segregation of old SPBs to buds, but greatly increased the frequency with which unreplicated minichromosomes cosegregated with old SPBs (Figures Ipl1 and the Kinetochore Protein Ndc10 Have Different Localization Patterns During 5D-5F). Remarkably, the unreplicated minichromosomes tended to cosegregate with old SPBs even in Metaphase and Anaphase If the Ipl1-Sli15 kinase complex is involved in correcting those rare cases where old SPBs had segregated to the mother cell (16 out of 20 cells; Figure 5F , c) in the ipl1 mono-oriented chromosomes, then some mechanism must enable it to discriminate between mono-and bimutant. Ipl1 is therefore required for preventing the preferential cosegregation of unreplicated minichromooriented kinetochores so that only the connections of the former are altered. A potential clue concerning the somes with old SPBs irrespective of whether this occurs in mothers or their buds. mechanism of discrimination emerged when we compared the localization during mitosis of Ipl1 and the We also treated cells with nocodazole from G1 until after SPB duplication. This greatly reduced the tendency kinetochore protein Ndc10 (each fused to a fluorescent protein or epitope tags). of old SPBs to segregate into buds in both IPL1ϩ and ipl1-321 cells ( Figure 5D ; see Pereira et al, 2001 ). ImporLike other kinetochore proteins, Ndc10-GFP distributes to two lobes in cells with medium to large buds tantly it also reduced cosegregation of unreplicated minichromosomes with old SPBs in ipl1 mutant cells ( Figure 7A bottom, 0 s) . This bilobed distribution is due to the separation of sister centromeres caused by their ( Figure 5E ). These data along with those in Figure 2E suggest that kinetochores from ipl1 mutant cells that traction toward opposite poles (Goshima and Yanagida, ably promotes the turnover of these connections, possiIpl1-GFP's distribution during mitosis clearly differed bly because they do not generate tension (see below), from that of Ndc10-GFP. It was confined to a small cloud and as a result, unreplicated kinetochores connect with within the nucleus during metaphase (Figure 7A top, equal probability to microtubules from old and new 0-180 s), localized to the mitotic spindle at the onset of SPBs. As predicted by this hypothesis, transient disrupanaphase (240-300 s), and only accumulated near SPBs tion of microtubules with nocodazole had a similar effect along with Ndc10 when the poles reached opposite ends as Ipl1-Sli15 activity: it tended to abolish the tendency of the cell (post 780 s; that is, during telophase; data of chromosomes to cosegregate with old SPBs. These not shown). Ipl1-GFP also formed a nuclear "cloud," observations prove that even if Ipl1-Sli15 also has a role while Ndc10-GFP clearly formed two lobes in cells arin sister kinetochore resolution, it has an equal if not rested in metaphase by Cdc20 depletion (data not more important role in regulating the turnover of SPBshown). We obtained similar results when we compared kinetochore connections by microtubules. the localization of Ipl1-YFP and Ndc10-CFP in the same It is likely that Ipl1-Sli15 has a similar role on replicated cells ( Figure 7B, metaphase, anaphase/telophase) . Ipl1-chromosomes, because even replicated kinetochores tend to attach to microtubules from old SPBs in ipl1 YFP and Ndc10-CFP colocalized at small patches in mutants. Our finding that this tendency is reduced when connect repeatedly (e.g., back-and-forth motion of a kinetochore to an SPB). In fact, we observed that centrochromosome replication is delayed relative to SPB duplication suggests that centromeres usually replicate meres that had connected to one of the two poles in scc1 mutants tended to remain in the vicinity of that before the formation of functional "new" SPBs. Nascent kinetochores therefore attach to old SPBs, and this atsame pole for extended periods of time. They either do not detach very frequently or reattach very rapidly to tachment is maintained in the absence of Ipl1-Sli15 activity. the same pole due to the high microtubule density in the vicinity of that pole. It should be noted that we have not yet been able to visualize the turnover of kinetochore-spindle pole connections in IPL1ϩ cells in real time. We expected that A Tension-Dependent Mechanism for Inactivating Ipl1-Sli15 this might be possible in Scc1-depleted cells where a lack of tension should cause Ipl1-Sli15 to remain active, If Ipl1 is to ensure bi-orientation through an errorcorrecting mechanism, its ability to increase the turnwhich might make kinetochore-SPB disconnect and re-over of SPB-kinetochore connections must be turned DNA to microtubules in vitro is inhibited by ATP in an Ipl1-dependent manner (Biggins et al., 1999) . This factor off once the desired state (bi-orientation) has been achieved. Ipl1/Aurora B could in principle regulate SPBmay be the target of Ipl1 at kinetochores, and its identification will therefore be important for understanding furkinetochore connections by three different mechanisms: by altering the stability of the attachment between kinetther the mechanism by which Ipl1 regulates kinetochore function. 
Ipl1-Sli15 Increases Turnover of the Connections between Unreplicated Kinetochores and SPBs

